It is well known that cardiovascular diseases are becoming the number one cause of mortality in developed countries 1 . Minimal differences in a wide range of biological pathways can lead to organ malfunction or failure. In addition to the heart itself, its surroundings are also crucial for proper organ integrity and functionality. Changes in extracellular matrix (ECM) composition, such as a higher amount of incorporated collagens, can result in cardiac hypertrophy 2 or hypertension-related diastolic dysfunction 3 by stiffening the surrounding matrix and constricting the embedded organ. Similar observations have been made while studying the heart of the fruit fly, Drosophila melanogaster. In this model organism, altered amounts of ECM components, including Laminin or Collagen IV (Viking), cause impaired cardiac function 4 . This demonstrates the notable relevance of an organ-specific ECM composition that provides the correct balance of stiffness and elasticity, both in vertebrates and invertebrates. In our recent study we were able to unravel the function of several protein domains belonging to the ADAMTS-like protein Lonely heart 5 . Furthermore, we analysed its interaction with the Collagen IV-like protein Pericardin and described new interactions within the extracellular matrix that led to a more detailed model of the whole network. In addition, we investigated the impact of altered Pericardin levels on physiological aspects, including locomotion and heart beating parameters, and strengthened the hypothesis that ECM composition is crucial for proper organ functionality. Here we summarize our approaches and comment on additional observations, possible follow-up analyses and restrictions as well as advantages. Moreover, we discuss possible additional roles of ADAMTS-like proteins within an extracellular matrix.
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In Drosophila, the cardiac ECM anchors the heart within the body cavity and forms a dense network of adapter, linker and structural proteins, thereby rendering it able to withstand the strong mechanical forces that are applied during lifelong heart beating activity.
While most components of the cardiac ECM are also incorporated into other matrices and considered the basic core constituents, two proteins present in the Drosophila cardiac matrix are unique. One of them is Lonely heart (Loh), an ADAMTS-like adaptor protein 6 . It harbours several domains characteristic to the ADAMTS family while lacking the proteolytically active sequence (see Figure 1A) . The other unique component is a Collagen IV-like protein named Pericardin (Prc) 7 . It relies heavily on Loh's activity to be recruited towards the cardiac matrix, where it starts meshwork formation.
We have previously shown that Loh is synthesised by heart cells and afterwards secreted and displayed (self-anchored) within the ECM. Once incorporated into the matrix, Loh is fully capable of recruiting Prc from the hemolymph towards the heart, where meshwork formation is initiated 6 . Prc itself is secreted by other cells, mainly adipocytes, and thereby released into the circulating hemolymph stream to be attracted towards target tissues by special anchor proteins, with Loh being the first protein identified with this functionality. Importantly, Loh mutants suffer from a de-stabilized cardiac matrix architecture, where continuous heart beating leads to a disruption of the ECM upon ageing of the individual, resulting in a total loss of heart integrity and circulatory force.
In our recent study, we aimed to answer the questions: 1) which protein domains mediate Loh self-anchoring within the ECM; and 2) which protein domains are essential for Prc recruitment? As the Drosophila genome features only one ADAMTS-like protein (Loh) [6] , while in mammalians there are seven members known 8 , Drosophila is a perfect model organism for such an in vivo analysis. Furthermore, a domain comparison between Loh and vertebrate ADAMTS-like proteins revealed that there is a high similarity between Loh and the ADAMTSL-6α (see Fig. 1A ), first described in mouse embryos. ADAMTSL-6α is an extracellular protein involved in fibrillin-1 binding and fibrillin-1 matrix assembly 9 , two characteristic functions resembling the tasks Loh mediates. A lack of ADAMTSL-6α leads to severe diseases like the Marfan syndrome, a systemic disorder, which is mainly characterised by a malformation of the fibrillin-1 network
.
A range of Loh mutants have been generated that lack single domains or motifs of the protein (see Fig. 1B ). By expressing them in insect cell culture or crossing respective fly strains with particular driver lines, we investigated the secretion of the deletion constructs and their ability to anchor within the matrix. As a second step, we assessed the capability of every construct to recruit Prc from the hemolymph towards an ECM.
We identified the first thrombospondin repeat (TSR1-1) and the included putative glycosaminoglycan-binding site (GAG1) as being vital for anchorage of Loh within the matrix. While a deletion of the signal peptide led to an intracellular accumulation of the protein, the deletion of the first TSR1 or a modification of the included GAGbinding site resulted in a secreted protein that is no longer capable of binding to the matrix. A similar observation has been made for the construct where both GAG-binding sites were altered, though in this case, the protein is trapped within the secretory pathway. A possible explanation lies in the deletion of putative glycosylation sites, including a C-mannosylation and O-fucosylation site, which were predicted within the GAG motifs. It has been shown that a modified glycosylation pattern increases the risk of protein instability or results in an unsuccessful secretion 11 . As all additionally tested Loh constructs were successfully secreted and anchored properly within the matrix, this problem seems only to account for a deletion of both respective glycosylation sites.
Furthermore, we discovered that two different TSR1s mediate the recruitment of Prc towards an ECM and the induction of network formation. The Prc network density was significantly reduced in animals expressing the TSR1-2 deletion construct or the TSR1-4 construct. In addition also a modification of the second GAG binding site (GAG2) lead to the same result. This indicates that different domains of Loh mediate anchoring (TSR1-1 and GAG1) and recruitment processes (TSR1-2, TSR1-4 and GAG2), while the functions of other domains remain unclear.
In addition, we tested whether different matrices harbour the intrinsic capacity to incorporate these proteins and develop respective networks. We induced the expression of full-length Loh on adipocytes, parts of the wing disc, the central nervous system (CNS) and salivary glands. All tissues successfully expressed, secreted and incorporated Loh into their matrices, but, interestingly, the recruitment capacity of the different cell types varied. While we noted dense networks of Prc on adipocytes, the wing disc and the CNS, Loh at the salivary glands failed to recruit Prc. This outcome may point towards the necessity of another factor that facilitates proper Prc incorporation or regulates Loh's functionality. As a follow-up analysis a comparison of the different matrisomes would be a powerful tool to gain new insights into the individual ECM compositions. Thereby also another crucial factor for Prc recruitment may be discovered that would explain the observed phenotype. One possibility is an interaction of Prc with Integrins, as Prc harbours an RGD motif [7] . This triplet of amino acids has been shown to be involved in the binding of Integrins 12 , while its functionality in Prc still has to be analysed.
Additional observations indicate that Prc is able to bind (at a much lower efficiency) to a matrix, even in the absence of Loh. We observed small networks or attached fibres of Prc on body wall muscles or adipocytes that do not display Loh. This suggests a somehow intrinsic capacity of Prc to stick to different matrices by itself. This connection is most likely weaker in the absence of Loh and may not withstand strong mechanical forces, but it still occurs. It has been shown that Prc is highly glycosylated and it is possible that the attached proteoglycans mediate this selfattachment 13 . Western Blot analysis revealed that Prc coimmunoprecipitates with a variety of ECM components, excluding ßPS-Integrin, which was most likely due to a missfolding of the used Integrin:GFP construct. Nevertheless, the interactions with Laminin A (LanA), Laminin B1 (LanB1) and Viking (Vkg) provide new insights into the interconnection of the extracellular network (see Figure 2 ) and may hold an additional explanation for the self-attachment of Prc to a matrix.
However, the presence of Loh increased the assembly of Prc substantially, illustrating the existence of a new regulatory mechanism to generate tissue-specific matrix assembly and matrix composition, which is required for building up specific biomechanical properties of the tissues, e.g., display the correct balance of stiffness and elasticity needed for flexible organs. A follow-up analysis uncovered that Prc was only present where Loh was expressed and did not spread to adjacent parts. This supports our theory that the interaction between Loh and Prc is highly specific.
An ultrastructural analysis revealed that third instar larvae overexpressing Loh exhibited large accumulations of ECM material all over the heart. Furthermore, we conducted a semi-intact optical analysis of the heartbeat (SOHA) 17 . Thereby, we were able to detect a significantly decreased heart rate in the Loh overexpression line and a significantly elevated heart rate for the Loh null mutant. In addition, the arrhythmia indices for both lines were significantly increased compared to the control group. These data suggest that the right balance between distinct ECM components is critical for proper organ functionality. Increasing the amount of Prc results in a constriction of the heart and reduces the heart rate, while a decrease of Prc shows the opposite effect 5 .
Discussion
In our recent study, we unravelled the function of several Loh protein domains and detected new interconnections within the cardiac ECM of Drosophila. However, Loh harbours evolutionary conserved protein domains with still unknown functions, e.g., the so-called PLAC domain, a short C-terminal motif present in proteins like Perlecan and others, including Loh. Until now, the functional role of the PLAC domain remains elusive.
Furthermore, we provided evidence that the spacer region of the ADAMTS-like protein is presumably essential for protein stability. A deletion construct was degraded right after translation and reviewing the predicted threedimensional (3D) model, it became obvious that the bridge between the first TSR1 and the last four TSR1s was
potentially critical for the protein´s stability and folding.
It has been put forth for ADAMTS proteins that they are involved in the cleavage of collagens 18, 19 , so it is indeed possible that ADAMTSL proteins also have a collagenrecognition site within the spacer region, but as they lack the proteolytically active sequence, they may only bind the collagens without modifying them.
Although we were able to demonstrate that certain domains of Loh are crucial for Prc recruitment, a direct interaction -if it exists -still lacks proof. It is also possible that an additional protein acts as a mediator between Loh and Prc, or that Loh regulates the function of a Prc binding protein. It has been shown for ADAMTSL proteins that they have an enhancing or supressing function on other ADAMTS proteins 20 . Drosophila Papilin can for example non-competitively inhibit bovine ADAMTS 2 21 . One might speculate that in case of Loh the second TSR1 might not be directly involved in Prc recruitment, but rather interacts with another protein or protease, which then recruits, anchors or modifies Prc.
In general we provided a model system that allows an easy analysis of protein interactions in vivo. Thereby it is assured that our proteins of interest display all secondary modifications that are needed for proper functionality. This is a special advantage in case of ECM proteins, as their glycosylation level may have an impact on selfassembly and incorporation into a matrix that cannot be studied in cell culture systems. Furthermore, our analysis is conducted in a whole-tissue-context, which gives us the additional assurance that all proteins behave in their native manner.
Nevertheless, all studies including living organisms face similar problems. There are always individual differences between animals and their impact has to be reduced to a . Loh is depicted as a protein-domain scheme, based on protein modelling tools, with a signal peptide indicated in light blue, the ADAMTS-spacer region in green, the PLAC domain in yellow and the remaining thrombospondin type-1 repeats in grey, of which two harbour a GAG-binding site (red bars). The position of Loh is based on our results and indicates that it binds to glycosaminoglycans of membrane-associated proteins via its first GAG-binding site and to Prc (directly or indirectly) via its second and fourth thrombospondin type-1 repeat. Red circles signify the newly confirmed interactions based on data published in this article (modified from [5] ).
minimum. In our case the performed co-immunostainings with F-actin as an intensity marker were used as an indicator of differences in fixation and staining procedure. In addition also different groups of muscle tissue may behave differently and although our observations suggest a general capability of muscles to incorporate Loh and recruit Prc, our results do not have to account for every muscle strain.
Conclusion
In our recent work, we showed that specific domains of the ADAMTS-L protein, Lonely heart (Loh), manage its anchorage within the cardiac extracellular matrix (ECM) and the recruitment of the Collagen IV-like protein, Pericardin (Prc) in Drosophila melanogaster.
Increasing or decreasing the amount of Loh and Prc in vivo resulted in altered heart and body wall muscle performance, indicating that the proper balance of strength versus elasticity of ECMs is of crucial relevance and, regarding the cardiac ECM, relies significantly on the correct amount of these two components. We provided evidence that their interaction is highly specific, but seems to involve another as-of-yet unknown factor. The results of our immunoprecipitation assay indicate that Prc interacts with itself and additional ECM components, including LanA, LanB1 and Vkg. The identification of these new interaction partners of Prc and the analysis of the interactions between Prc and Loh lead to a more detailed model of the cardiac matrix of Drosophila.
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